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CHAPl'ER I 
INTRODUCTION 
A. General 
Bri.dges of one form or another have been used since man' s 
creation. They have progressed from little more than logs positioned 
across streams to the gigantic structu:e� man is familiar with today. 
The typical bridge seen today could take many different forms and could 
be constructed of a variety of materials. Probably the most common 
materials used today are steel and concrete. 
Usually, the design of steel bridges relies on the end span 
of the structure being simply supported. Suc h designs are s.cco:nplished 
by the use of expansion bearings between the girders and abutments. 
Except for a small horizontal force because of friction, the only 
forces transmitted by the girders to the abutment are the v ertical 
forces which include both dead and live loads. To complete the design, 
an expansion joint is incorporated between the abutment w:-c:U.1 and bridge 
deck. Its function is to eliminate the longitudi.lial load or reaction 
transferred to the abutment by expansion and contraction resulting from 
temperature changes. See Figure 1 .  
The use of the expansion bearings and joints i s  not always 
desirable. In addition to their initial high cost of fabrication and 
substantial cost of installation, they create difficulties in inspection 
and maintenanc e. This is especially true in regions lbich are subjected 
to the extremes of both temperature and weather. To overcome the 
Girder 
J·'�·•"":"""· · · •  o· �� ro·i·��h-��g�,�:1 1• ;. .  • • ' • ; . • i .�s-• • . -. '-" .. " .. "· . .  i' • . • . • • • • • • • • • . • • IJ. �:Diaphragm_. [ . ·.o· .. t>·· ·o •. q. ' . ... . . . . . . 
Girder ��].j --  
,.... __ ... .,.... '*_,_J_,__,r ... -"".. a.l:.'!e_� __ � . -
Curved plate 
Pier Flat plate 
Expa.nsion Bearings 
Expansion Joint 
FIGURE 1. Typical Expansion Bearing and Expansion Joint Detai1s. 
2 
problems associated with expansion bearings and joints, some states 
-
are presently utilizing integral abutm�nt design for short'steel 
bridges. 
B. Historical Background 
The integral abutment design eliminates the expansion 
bearing and joint in ·short steel bridges. In effecting this elimi-
nation, the end span is no longer simply supported·, but is partially 
fixed. When subjected to thermal movements, the integral abutment 
receives longitudinal loads resulting from these movements in addition 
to the vertical forces.already mentioned. The integral abutment rotates 
because of the action of the longitudinal loads in a direction depending 
on the thermaJ. movement. 
The use of the integral abutment design and construction has 
been common for many years. In 1964, North Dakota became the first 
state in the North Central Region to utilize the integral abt..Ttment in 
• • 
design and construction of short steel bridges. (1 ) Presently, •ost 
of the states in the North Central Region are using some form of the 
integral abutment design and construction. The length limitation placed 
upon the integral abutment type bridge by the various states ranges 
from 265 to 400 feet. The most common length is 300 feet. In several 
states including South Dakota, 80 to 100 percent of the steel bridges 
designed under 300 :feet in length make use of the integral abutment. 
Besides using large numbers of the integral type bridge, the South 
* Numbers in parentheses refer to entries in the Bibliography. 
Dakota Department of Highways utilizes a design for this type bridge 
that is different from any other state in the North Central Re gion. · 
4 
This study of the integral abutment type bridge was based 
exclusively on the design used by the South Dakota Department of 
Highways. The design utilizes an HP10 x 42 steel bearing pile (2) 
field welded to each bridge g irder. To secure proper interaction 
between the concrete abutment and the st�el girder, shear studs or a 
small stiffener are shop-welded to the girder web on a line co inciding 
with ths eventual center line of the integral abutment which is two 
feet wide. Reinforced holes are also located in the girder web near 
the interior face of the integral abutment to accom."llodate shea� bars 
orientated at 45 degrees with the plane of the web. Their function is 
similar to that of the previously mentioned shear studs or small 
stiffener. The end one and one half feet of the girder and the upper 
two feet of the piling are encased in concrete completing the integral 
abutment. Figures 2� 3, and 4 illustrate the details of the integral 
abutment. 
C. Object and Scope of Investigation 
The main objective of this eA-perimental project was to 
investigate and evaluate; the effects of thermal movements on an 
integral abutment type bridge during the final stages �f construction. 
This study is a continu?tion of the research carried out by Mumtaz B. 
Sarsa..l11. (1) Particular attention was given to the evaluat ion of the 
resultant state of stress in the end portion of the girder near and 
contained within the integral abutment, the upper port ion of the steel 
It 
-..N 
0) 
" 
.... � 
- I <1) 
8_eorin9 Pile , � 1 
INTEGRAL 
9 �" 
' 
$St-rain 9au9e. 
___ ,- Field Weld ' Limrrs of' /nfe8ra/ 
�-- ' ... • 1ufmenf  concrere 
ABUTMENT 
FIGURE 2. Girder and Piling Details at Integral Abutment End. 
"" 
6 
(a ) General View 
(b ) Reinforcing and Shear Bars Through Girder. Small Rectangles are 
Protected Strain Gauges. 
FIGURE J. Integ�al Abutment Reinforcing Steel. 
( a ) Partial Front View 
(b ) Partial Back View 
FIGURE 4. Completed Integral Abutment. 
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8 
bearing piles , and in selected locations on the concrete abutment. The 
vertical forces created within the span because of the rotation of the 
integral abutment were noted. Emphasis was also placed upon the action 
of the backfill and the resistance that it offered to the simulated 
thermal movements of the integral abutment type bridge . 
A full scale model representing the end portion of a typical 
highway bridge was constructed and test�d in stages. Stages I and II 
were conducted by Sarsa.m. (1) The stages of testin g reported in.this 
study included Stages III and IV. Stage III included testing of the test 
model after the concrete deck ·slab was poured and cured, but before the 
backfill was placed. See Figure 5. Stage IV included testing of the 
test model after the backfill was placed and compacted as shovin in 
Figure 6. 
', 
9 
FIGURE 5. Completed Slab. 
10 
FIGURE 6. Placed Backfill. 
CHAPTER II 
TESTING PROGRAM 
A. Materials and rest Specimen 
The early construction (Stages I and II) consisted of 
driving the bearing piles, placement of the girders and integral 
abutment reinforcing steel, and the pour�ng of the concrete integral 
abutment. This construction was accomplished by driving two HP10 x 42 
steel bearing piles to.a depth of .32 feet. The two bearing piles were 
placed at 8' -6" center to center and were orientated so that their 
weak axes were normal to the anticipated direction of bending • . See 
Figure 7. Two plate girders, 261-6" long and having a 12'' x 1/2" top 
flange, a 38" x 5/1611 web plate, and a 12" x 3/4n bottom flange, were 
field welded to the bearing piles. See Figures 7 and 8. The other 
end of each girder was simply supported on a 5" diameter steel roller. 
Also at this end, a small er roller was provided to eliminate the uplift 
caused by the integral abutment's rotation. Figures 7 an� 9 illustrate 
the rollers and their locations. Transverse intermediate stiffeners 
were placed .:mainly against the inside face of the girder web plate in 
accordance 'With the American Association of State Highway Officials 
(AASHO) requirements for HS20-44 loading. (3) See Figure 8. A per­
manent diaphragm, constructed of two 411 x 4n x 5/1611 angles, in tho 
form of an "x" was placed and welded near the simply supported end to 
provide for lateral stability. The integral abutment reinforcing steel 
was designed and placed as shown in Figures 3 and 10. The abutment was 
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then completed by pouring the concrete as shown in Figure 4. For 
additional information and detail concerning the early construction 
stages, the leader is rsferred to the work done by Sarsam. (1) 
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The final construction stages consisted of pouring the 
concrete deck slab and placement of the granular backfill. The slab 
was designed and constructed according to the specifications of the 
South Dakota Department of Highways. (4) . See Figure 5. Shear studs, 
meeting AASHO specifications, (3 ) were shop-welded to the top f'langes 
of the plate girders during fabrication. See Figure 8. The function 
of the shear studs was to insure composite action between the concrete 
slab and the girders. The slab acts as a cover plate in relati.on to 
the plate girder ar.id assists in carrying longitudinal loads. .A notch 
was constructed in the slab at the exterior face of the integral. abut­
ment, as shown in Figure 5, to acconnnodate an approach slab as recom­
mended by the South Dakota Departme11t of Highways. The backfill wa.s 
selected, placed, and compacted in li�ts as specified by the South 
Dakota Department of Highways. (4) See Figure 6. 
All structural steel conformed to the ·ASTM A-36 steel and 
was designed in �cordance with the AASHO Standard Specifications for 
Highway Bridges, 1969. Reinforcing steel for the integral abutment 
and the deck slab conformed to ASTM A-615, grade 4-0. Class "A" concrete 
(4) was used �or the integral abutment and deck slab. 
B. Test Apparatus 
A jacking abutment (1) was constructed near the simply 
supported end to provide support in inducing the simu1ated therma.1 
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movements.. Included in the design and construction of this abutment 
were two set-$ of bearing plates ·which �:re set even with tha concrete 
abutment wall. Circular holes in each set of bearing plates were 
connected by a hollow steel pipe, providing a hole through the jacking _ 
abutment as shown in Figures 7 a.rrl 9. The center line of this hole 
coincided with the neutral axis of the composite section. 
In order to accommodate the ��rces anticipated in inducing _ 
the simulated movements, the girders were reinforced at their end 
sections by stiffened end plates. These plates were fabricated with a 
slot corresponding to the neutral axis of the composite girder and in 
line wi. th the hole provided in the jacking abutment. On a line �th 
the slots in the end plates, portions of the girder webs -were removed. 
These special cutouts are used in providing the simulated thermal 
movements. The end plates and web cutouts are illustrated in Figures 8 
and 9. 
The longitudinal thermal movements, both expansion and 
contraction, -were simulated by an applied force by rt1eans of hydrau1ic 
,jacks. The jacks were positioned on the bearing plates and supported _ 
by brackets field welded thereto. The brackets are shown in Figure 9. 
The simulated contraction movements were provided by means -
- of two JO-ton hollow-core jacks positioned on the e�erior :face of the 
jacking abutment. The force supplied by the jacks was transferred to 
each girder by high-strength, continuous-screw rods. These rods were 
placed throuo-h. the hollow core hydraulic jacks. the holes through the b . 
jackin g abutment, the slotted end plates, and into the web cutouts. On 
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each end o� the rods a high-strength nut and washer -were placed to 
complete the --al'rangement. As the jacks extended , the girders were 
pulled thereby simulating_ contraction resulting from a temperature drop. 
This arrangement is shown in Figure 9. 
The simulated expansion movements were provided by two 
arrangements, namely, one for Stage III and the other for stage IV. 
For Stage III expansion, two 60-ton hollow-cor� jacks were positioned 
between the jacking abutment and the end plates as shown in Figure 9. 
For Stage I.V expansion, both 30-ton hydt·aulic jacks were used in 
addition to the two 60-ton hydraulic jacks as used in Stage III . The 
additional force was required because of the increased longitudinal. 
restraint offered by the compacted backfill. This arrengement is 
shown in Figure 11. 
A separate control valve was used for each individua1 · 
hydraulic jack in order to insure equal movement of each girder. The 
jacks were operated by neans of an electrically driven hydraulic pump. 
Shims were also prov�ded for placement behind the jacks to insure 
.�nough travel for inducing the simulatGd movaments. The sa detai1s a.re 
illustrated in Figures 9 arxi 11. 
The simulated movements ware monitored with a serie s o! dial 
indicators for each girder. Each series consisted of four dial indicators 
placed at various locations along the girder. A dial indicator was 
placed between the jacking abutment and the end plate of the steel 
girder. Its function was to monitor the movemen� of the ccmposi te 
section relative to the jacking abutment.. Another dial indicator was 
FIGURE 11 . Arrangement of Hydraulic Jacks for Stage IV, Spring 
and Summer Cycles. 
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mounted ne�r the integral abutment on a fixed pipe embedded in the 
ground in order to measure the movement
.
of the girde� relative to the 
fixed ground position. TliO other dial indicators were placed near the 
·center of the span and fixed to a stationary post also embedded in the 
ground. One gauge measured the vertical deflection of the bottom 
fiange and the other measured the horizontal deflection of the lower 
girder web. Figure 12 ·shows the arrangemen t and location of the dial 
indicators. 
In order to measure movement and/or rotation of the jacking 
abutment, a transit positioned soma Ci. stance from the test model ·was 
sighted on the abutment and monitored. At the integral abutment. another 
transit was used. It me asured the rotation of the integral a1°Jutment. 
The rotation was detennned by continuous observation of scales fixed 
to both top anq bo ttom of the integral abutmen t. An inclinometer was 
also used in monitoring the rotation of the integral abutment. The 
inclinometer was not a coJTUrercial type, but was cons tructed in the 
engineering shop. 
The force supplied to the jackb because of the hydraulic 
pump was monitored by a pressure gauge at the pump. This gauge and 
the jacks �re calibrated to insure the accuracy of recorded readings • 
. In addition to the other equipment used in monitori ng the specimen, a 
thermometer, calibrated in degrees Fahrenheit, was placed on the test 
speci:rnen a.rd observed.· 
L'"'l ezj>erimentally determining the stresses created by the 
simulated thermal movements , SR-4 electrical strain gauges, single and 
(a) Near Integral Abutment (b) At Jacking Abutment 
(c) At Mid-Span 
FIGURE 12 . Series of Dial Indicators. 
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rectangular rosettes (5) were employed. They vrere located on the upper 
portion of the north steel bearing pile, the north girder,,and on the 
concrete surface of the integral abutment as shown in· Figures 2 ,  13, 
14 ,  and 15.  Strain gauges were also used in monitoring the upward 
and downward vertical forces created.in the north girder at its simply. 
support�d end because of the rotation of the integral abutment. Their. 
locations are shown in· Figure 9. 
All normal precautions ( 5  and 6) were .employed in placing and 
protecting each gauge to insure its reliability. Other factors were 
also considered in providing reliable strain data, namely, temperature 
variations and stray electromotive forces. The effects of the�e varia­
bles were reduced or eliminated by various methods including temparaturs 
compensated circuits, heated test area, dummy gauges, and shielding of 
connecting cables. (1) 
Total pressure cells (7) were mounted at the backfill-integral 
abutment interface in Stage IV as illustrated in Figures 16 and 17. 
Their function was to measure earth pressures against the integral abut­
ment and to aid in determining general stress patterns. 
A rapid method of obtaining the induced strain was required 
because of the constantly changing earth pressure during the testing 
cycles. This requirement was filled by using a switching lll'lit, a self'­
balan�ing digital strain indicator, and a matching printer as shown in 
Figure 18. The use of this equipment provided a record of a.11 strain 
data in a short period of time. In obtaining the pressure from the 
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FIGURE 18. Digital Strain Indicator , Printer ,  and Switching Unit . 
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total pre s sure c ells , .a comroorial c ontrol unit was used as illustrated 
in Figure 19;-
C .  Te st Procedure 
Each stage o f  t esting , Stage s III and IV ,  was c ompri sed 0£ 
an expan sion . �ycle and a c ontraction c yc le . Ea.ch cycle repre sented 
pos sible extreme field .te mpe rature condition s . ! The rate of induced 
-
movement of the girders relative to the jacking abutment was c onstant 
for each cycle and amount ed to 0 . 250 inch per hour. If the transit 
ne ar the jacking abutment indic ated any appreciable rotati on or move-
ment of the abutment , it was compensat ed for by increasing or dec reasing 
the relative movement to obtain t he · predetermined longitudinal movement . 
The rate of �ovement was induc ed as follows : ( 1 )  
0 to 5 !l'l.inu.te s :  0 . 050 inch 
5 to 10 :minutes :  re st 
10 t o  i.5 minute s :  0 . 050 inch 
15 to 20 minute s :  re st 
20 to 25 minutes : 0 . 0 50 inch 
25 to 30 minute s :  re st 
30 to 35 minutes :  0 . 0 50 inch 
35 to 40 minutes : rest 
40 to 4 5 rainutes : o . o;o inch 
45 to 60 minute s :  take readings 
60 to 120 minute s :  repeat above cycle 
The expansion cycle wa s  be gun at 0 . 000 inch of movement and 
proceeded to a +1 . 000 inch movement (the plus si gn indicates eA"'Pa.nsion) 
and held for one holl!". Tha movement was th en released ba.Ck to 0 . 000 
inch and beyond to a -0 . 500 inch movement (the minus slgn indicates 
c ontraction) and helde 
Tha c ontraction cycle was begun at -0 . 500 inch of movement , 
a:f'ter being held for a mi.?'\..imi.J.:n of' 12 hours . Movement ·was continued 
FIGURE 19 . Pre ssure Cell Control Unit . 
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to -1 . 000 inch and held for one hour . The movement was rele ased bac k 
to 0 . 000 inch- and beyond to -t-0 . 500 inc� movement . 
The maximum induced movements (both the +1 . 000-inch and 
-1 . 000-inch movements ) ap�ar extreme at first glance ;  however , they 
are within the realm of possibility. For inst anc e , a 500-foot bridge 
(250 expansion span )  subjec ted to a total temperature c hange 0£ 75 
degree s Fahrenheit , 70 F � 120 F � 45 ... F ,  would experienc e therma.1 
movements similar to those created in the expansion cycle 0£ thi s 
study. 
D .  Reduction of Data 
Various span lengths vrere related to the simulated thermal 
movements by using the equation : (8) 
where 
U = (K) L ( A t ) 
U = horizontal translation, in inche s 
K = coefficient of  the rmal expa.nsion , in inches 
per inch per degree Fahrenheit 
L = span length, in inches 
6 t = temperature change , in de gree s Fahrenheit 
Eq. 1 
The coefficient of thermal expansion was used as 0. 0000066 in. /in. /F. (8) 
The strain data collect�d during Stages III
- and rl from the s ing�e 
SR-4 strain gauges was converted to stresses by the following relation­
ship : (8)  
f = E x e  Eq. 2 
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where 
f = normal stre ss , in psi 
E = Young ' s  Modulus , in psi 
e = measured strain , in inches per inch 
Young ' s  Modulus was taken as 29 x 106 psi for steel (8) and 3 . 9 x 106 
psi for concrete . (8 )  The value used for Young ' s  ModUlus dePended 
upon the material to which the gauge was. bonded . 
The strain data obtained from the rectangular rosettes was 
converted to principal stresses by the following equation : ( 6) 
1 
+ ----- 2 ( 1+v )  
Eq . 3 · 
where 
P1 , P2 = principal stresse s, in psi 
e1 , e2 
and e3 = strains measured by the horizontal , diagonal , and vertica1 
components of the rectangular rosette , respectively in inches . 
per inch 
v = Poisson ' s  Ratio 
E = Young ' s Modulus , in psi 
Young ' s  Modulus was used as 29 x 106 psi because all the rectangular 
rosettes  were bonded to steel. Poisson ' s  Ratio for steel was taken as 
0 . 3 .  ( 9) To simplify the conversion of the data , a desk computer and 
program for equation 3 were utilized .  
The vertical force do1mward at the jacking abutmerrt was c alculated 
from the flexural stress at the extreme fibers of the bearing plate 
supporting . .  the roller 5 inche s in diameter . See Fi gure 9 .  The 
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bearing plate-, with a strain gauge at its center , was assumed to be 
simply supported. The force was obtained by use of the following 
equation : (8) 
where 
where 
f = M (c } 
I 
f = flexu.i-al st ress , in psi 
M = bending moment , in inch-pounds 
t ;  
c = di stance from neutral axi s to the extreme fibers 
of the section , in inches 
I = moment of in9rtia of the section , in inche s4 for 
a simply supported beam 
M = p (L) 4 
P = load , in pounds 
L = span length , in inches 
Eq . 4 
Eq. 5 
The magnitude of the force i s  obtained by substituting the "value o f  M 
from equation 5 into equation 4 and solving for P :  
p = 4 ( f) ( I )  
L (c ) 
Substituting 3 . 24 in. 4, 18 in. , and 0. 62 in. for I ,  L, and c 
re spectively, equation 6 reduc e s to : 
P = 1 . 16 in.2 {£) 
Eq . 6 
Eq. 1 
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The values used for I ,  L ,  and c are characteristic o f  the bearing plate 
under consideration. 
Averaging the te nsile strain observed in the four bolts of 
the anti -upli ft roller permitted the calculation of the upward vertical 
force at the jacking abutment . See Figure 9. The magnitude of the 
forc e was fo�md using the equation : (8)  
where 
P = f (A ) Eq. 8 
P = load , i n  pounds 
f = flexural stres s , in psi 
A = area ,  in ( inches )2 
The total area of the four bolt s  was 1. 6 square inche s .  
/ 
CHAPI'ER III 
TEST RESULTS 
The re sult s of testi ng are pre se nted in two part s : 
A .  Stage III 
B .· Stage IV 
1 .  Wint e r  Cycle 
2 .  Spring Cycle 
3 .  Sunnner Cycle 
4. Calculation of stre s se s  
The re sult s o f  Stage III and Stage I V  are pre sented i n  a F�er 
similar to that used in pre senting the re sults of Stage s I and II. ( 1 ) 
The re sult s of Stage III ·were similar to those obtained in Stage II ; 
therefore , they are pre sented briefly fo r compar ison with the re sult s 
of Stage II.  For Stage IV, the re sultant piB.ng stre sse s an d  maximum 
princ ipal girder stre s se s  are pre sented graphically for each - cycle . The 
stre s s di stribution on the piling are sho1-m relative t o  the loc ation of 
the co rre sponding strain gauge s .  The girde r stre s se s  are sho-wn as stre s s  
c ont ours within the limit s outlined by the integral abutment and the 
po sition of the rectangular ro sette s .  The variat i ons of tr..a piling 
stre s s  c orre sponding to change s in induc ed movement s are also shown 
graphically. Stre s s  levels within and on the int e gral abutment are also 
pre sented . For each c yc le the appl1e d loads , de flecti ons , t ime , and 
temperature are· pre sented in a tabular fo rm� The vertical :force s at the 
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simply supported end and the soil pre ssure acting on the inte gral 
abutment , both re sulting from rotation and/ or translat ion 0£ the integral 
abutment , are also shown in .tabular fonn. 
The majority of stre s se s  pre sented in the body of this study 
are th ose corre sponding to +1 . 000 or - 1 . 000 inc h induced movement . How­
ever , the girder web stre s se s  for the +1 /2-inch· release of t he wint er 
cycle and the stre sses  c o;re sponding to the spring cycle are also pre­
sented . The reason for pre senting the stre s se s  in thi s  manner i s  that 
·the stre s se s  followed a uni form rate of change and usually reached their 
highe st magnitude at the maximum relative deflection o f  +1000 or �1 . 000 
inch . A c omplete set of re sult s  for pilin g and girder stre s se s , plotted 
for each 1 /2 inch inte rval of induc ed movement , for stage IV (winter 
and summer) i s  included in Appendix A . 
In relation to Stage IV, an attempt was made to verify the 
stre s se s recorded for the +1 . 000 and -1 . 000 induced movement at points 
on the bearing pile and girder web . The nece ssary calculat ions were 
performed by the us e  of the tabular value s fo r various loads . 
A .  Stage III 
The re sults of Stage III, expansion and contraction ,  were 
quite similar to thos e of Stage II.  ( 1 ) The only physic al d ifference 
between the two stage s was the additional construction o f  the c onc rete 
deck slab and subsequent action of the composite sec ti on . 
The stre sse s  in the bearing pile s showed the greate st amount 
of similarity. Thi s similarity is illustrated in Figure s 20 , 21 , 22 , 
and 2J which p� sent piling stre ss vs induced movement for expansion 
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and contraction . of both Stages II and III . The flat portion o f  the 
curve s corre sponding t o  the cent er gauge s indicate definite yielding . 
The se results -were anticipat ed bec ause the piling flange s -were de signed 
to yield and act as hinged support s . The sli ght diffe renc e s  in rate 
of inc re asing and de c re asing stre·s s  are attributed to the increased 
ri gidity brought about by inte grat ing the deck slab with the inte gral 
abutment . 
A c ompari son of the stre s s  contours on the girder web 
reveals c on siderable variation between Stage s  II and III.  See Figures 
24, 25 , 26 , and 27 . However , the se variations were anticipated and may 
be attributed to the action of the c ompo site section . Upon th� addition 
of the concrete slab , the neutral axis was shi fted upward as _shown in 
_Figure 7 and the re sulting principal stre s se s  remained the saltle or were 
reduc ed . A c ompari son of the cited fi gure s  shows that for Stage II 
the line o f  O . O stre s s  or neutral axis is at or ne ar the center of' the 
girder web ·while in Stage III the line of 0. 0 stre s s  i s  at or near the 
top of the girder web. The indicated stre sses reznaining the same or 
?eing reduced in the lower porti on o f  the girder web c an  be accounted 
for by c onsidering �evera1 fact ors and their effect upon the stre ss .  
The se factor s  include the sections increased area, the incre ased di stance 
from the neutral axi s  to the lower portion of the gi rde r web , and the 
inc reased load needed to simulate the the rmal movements . 
The increase in the load needed t o  induce the simulated · 
movement s re sulted from the greater rigidity of the structure . The 
change in load i s  �11own by c omparing Table s 1 ,  2 ,  3 ,  and 4. 
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TABLE 1 "  
Time , Temperature , Applie d Load , and De fiections . 
Stage II , Contraction Cyc le 
_lli_ (2 ) ( 3 ) (4) ( 5)  ill ill (8 ) (92 
7 : 45 - 500 - 490 - 499 0 : 2 1 - 1 9 . 6  . 68. 0 
8 : 45 - 750 . - 746 - 724 -340 -16 - 2 -27. 4 69. 0 
9 : 45 -1.000 - 98J - 944 -510 -24 1 -32 . 6  70 . 0 
10 : 45 -1000 - 988 - 950 -340 -21 0 70 . 0  
11 : 45 - 7.50 - 738 - 760 0 10 0 70 . 0  
12 : 45 - 500 - 498 - 532 J40 24 - 2 70 . 0  
13 : 45 - 250 - 240 - 290 510 34 2 5 . 5  10 . 0  
14 : 45 0 0 - 51 680 45 1 1 1 . 0  70 . 0  
15 : 45 + 250 + 248 + 238 680 59 - 1 19 . 2  10 . 0  
16 : 45 ·+ 500 + 501 + 476 1 190 73 - 4 26 . 2  70. 0  
The followin g directions are taken as " po sitive " : Expan si on movements , 
upward d e flections , and forc e s c ausing c ompre s sion in the girder 
c ro s s-section . 
( 1 )  Time of recording. 
(2 ) Nominal longitudinal t ?"aTlslation relative to the jacklng abuttnant , 
. in inche s  x ( 1 0 ) �J . · 
( 3 )  Net longitudinal tran slation at the jac kin g abutme nt , il'i inches 
.· x { 10 )-J . 
(4 )  Indicated longitudinal translation ne ar the inte gral abutment , in 
inche s x ( 10 )-3 .  
( 5 )  Inte gral abutme nt � tation , in radians x { 10)-6.  
( 6) Mid- span ve rtic al deflection . i n  inche s x ( 10)-3. 
( 7) Mid-span lateral de .flection , in inche s x ( 10)-3. 
(8 ) Applied forc e . as indicated by hydraulic pre s sure , in Kips . 
( 9) Girder temperature , in degrees Fahrenheit . 
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TABLE 2 
Time , Temperature , Applied Load , and De flect ions . 
Stage II , Expansi on Cycle 
-1!..L (2 ) _J)_L (4� ( 5 )  ill ill ( 8 ) ( 92 
7 : 30 + 250 + 260 + 247 170 : 18 12 10 . 7  68 . 0  
8 : 30 + 500 · + 511  + 482 859 39 8 22 . 0  68. 0  
9: 30 + 750 + 763 + 719 1020 55 4 30 . 2 69. 0 
10 : 30 +1000 +1002 + 955 1360 67 - 2 35 . 7 69. 5 
1 1 : 30 +1000 +1003 + 957 1360 65 - 3 69. 5  
12 : 30 + 750 + 760 + 737 510 26 - 2 70 . 0  
13 : 30 + 500 + 522 + 504 340 1 1  0 70 . 5 
1 4: 30 + 250 + 269 + 268 - 1 70 0 0 - 5 . 2  70 . 5 
15 : 30 0 + 31 + 30 - 1 70 ;;. 1 - 7 - 9. 1  71 . 0  
16 : 30 - 250 - 221 - 238 - 510 0 -18 -13 . 7  71 . 0  17 : 30 - 500 - 469 - 460 - 510 7 -27 - 1 9 . 0 70 . 0  
The foll owin g directio ns are taken as "po sitive " : Expansion movements , 
upward de flections , and force s  c au�ing c ompres sion in the girder . 
c ro s s - section . 
( 1 )  Time of recording. 
( 2 )  Nominal lonrltudinal translation relative to the jacking abutment . 
in inche s x .... ( 10 )�3 . 
( 3 )  Net longitudinal translation at the jac king abutment , · in inches 
x ( 10 ) -J. 
(4) Indic ated longitudinal translation near the integral. abutment , in . 
inche s x ( 10 )-J. 
( 5) Inte gral abutment r.:>tation , i n  radians x (10)-6. 
( 6 )  Mid- span vertical deflection , in inche s x ( 10 )-3.  
( 7) ¥..id-span lateral deflection , in inche s x ( 10 )-3.  
(8 )  Applied force , a.s indicated by hydraulic pressure , in Kips . 
( 9 ) Girder temperature , in degree s  Fahrenheit . 
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TABLE 3 
Time , Temperature , · Applied Load , and Deflections . 
Stage III , Contraction Cycle 
( 1 )  (2 )  ( 3 )  (4 )  ( 5 )  ill ill (8 ) ( 9) 
6 : 00 - .500 - 500 - 500 - 0 : 0 0 68 . 0 
? : 00 - 750 - 754 - 710 -340 - 8 . 0  - 1 35 . 8  68. 0  
8 : 00 -1000 -1004 - 930 -510 -15. 0  - 2 41 . 8 . 68 . 0  
9 : 00 -1000 -1008 - 934 -340 -14. 0 - 2 68 . 5  
10 : 00 - 750 - 747 762 0 + 2 . 0  - 1 69. 0 
1 1 : 00 - 500 - 502 - 542 +170 + 9 . 0  0 4. 1 69. 5 
12 : 00 - 250 - 248 - 307 +340 +12 . 0  0 1.0 . 3  70 . 0  
13 : 00 0 + 1 - 74 1020 +25 . 0  + 3 21 . 3  70 . 0  
14 : 00 + 250 � 256 + 235 1020 +30 . 0  + 6 30 . 2  70 . 0 
15 : 00 + 500 + 500 + 472 11 90 +37. 0 +1 1 38 . 4  70 . 0  
The following directions are taken as "positive " : Expansion movements , 
upward deflections , and forc e s  c ausing c ompre s sion in the girder . 
cro s s-section . 
( 1 )  Time o f  recording. 
(2 ) Nominal longitudinal translation relative to the jacking abutreent , 
in inche s x ( 10 )�3 . 
( 3 )  Net longitudinal translation at the jac king abutment , i.l'l inches 
x ( 10 ) -J .  
( 4 )  Ll'ldicated longitudinal translation near the inte gral abutment , in 
inche s x ( 10 )-3 . 
( 5) Inte gral abutment rotation , in radians x ( 10 )-6. 
( 6 )  Y.d.d-span vertical deflection , in inche s x ( 10 ) -3. 
( ?) Mid-span lateral. deflection , i n  inche s x ( 10 )-3. 
(8 ) Applied force , as indicated by hydraulic pre s sure , in Kips . 
( 9) Girder temperature , in de gree s Fahre�..heit . 
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TABLE 4 
Time , Temperature , Applied Load , and Deflections . 
Stage III , Expansion Cycle 
( 1 ) (2) ( 3 )  ( 1} ) ( 5 ) ill ill (8 ) (9� 
6 : 30 + 250 + 252 + 224 + 340 +10 + 7 1 3 . 8  66 . 5  
7 : 30 + 500 + 502 + 456 + 510 +20 +16 25 . 4 66. o 
8 : 30 + 750 + 751 + 682 + 5io +31 +27 35 . 0  66 . 5 
9 : 30 +1000 +1002 + 910 + 680 +42 +34 42 . 5  67. 0 . 
10 : 30 +1000 +1005 + 914 + 680 +41 +34 67. 0 
1 1 : 30 + 750 + 750 + 720 + 1 70 +1 1 +26 67. 0 
12 : 30 + 500 + 490 + 489 0 + 4 +28 67. 0 
13 : 30 .+ 250 + 249 + 257 0 - 1 +30 9 . 1 67. 5 
14: 30 0 4 7 - 1 70 - 6 +28 15 . 3 67. 5 
1 5 : 30 - 250 - 253 - 222 - 340 -10 +28 22 . 8  68 . 0  
16 : 30 - 500 - 504 - 443 - 680 -1 5 +25 30 . 7  68 . 5  
The following directions are taken as "positive " : Expansion movement s ,  
upward de flections , and force s c ausing c ompre s sion in the girder 
c ro ss- section . 
( 1 ) Time o f  recording. 
(2 ) Nominal longitudinal tran slation relative to the jacking abut�ont ,. 
in i nche s  x ( 10 ) �3 . 
( 3 )  Net longitudinal translati on at the jac king abutment , in inche s 
x ( 10 ) -J . ' 
(4) Indic ated longitudinal translation near the inte gral abutment , in 
inche s x ( 10 )-3 .  
( 5) Inte gral abutment 1·otation , i n  radians x ( 10)-6. 
(6)  Mid- span vertical deflection , in inche s x (10 )-3 .  
( 7) Mid-span lateral deflection , i n  inche s x ( 10 ) -3 . 
(8 ) Applied force , as indicated by hydraulic pres sure , in Kips . 
( 9) Girder temperature ,  in de grees Fahrenheit . 
The large st differenc e between Stage s II and III was the 
observed rotation oc curring at the integral abutment . The 'amount o f  
rotation i s  indic ated i n  the previously cited table s .  The rot ation in 
the two c ont ract ion cycle s  agree s  quite c losely. Thi s agreement . i s  
ac counted for by c onsidering that the increased dead wei ght of t he 
slab was of suffic ient magnitude to offset the inc re ased ri gidity of 
the structure . The rotation o f  the inte gral abutment during Stage II 
at 1 . 0 inch o f  simulated expansion wa s  twice that of Stage III a t  1 . 0  
inch of expansion . This differenc e  i s  also acc ounted fo r by the 
greate r ri gidity and dead load . 
Because of the exi sting similaritie s between Stage s I I  and 
III , detailed re sult s of Stage III are not pre sented. Howeve r , the 
repre sentative re sult s already introduced fo r Stage III wlll be used 
for making compari sons with the re sults pre sented for Stage IV. 
B .  Stage IV 
1 .  Winter Cyc le 
Thi s cyc le would co rrespond to a fall or wint
.
er c onditi on 
where the tempe rature was depres sed causing contraction ..of the c om­
pleted structure . During the te sting of this stage the bac kfill and 
soil surrounding the structure remained unfrozen. Thi s  c onditi on i s  
permis sible for a fall conditi on ,  but i s  not entirely indic ative o f  
the partially frozen subgrade encolmte red during the extreme winter 
c onditions . No attempt was made to s imulate an extreme winter 
c onditi on caused by the complicati ons and variable s which c ould not 
have been account ed for during te sting. 
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. · The force s  re quired fo r induc ing th e  simulated movem�nt s 
in Stage lV are diffe rent from tho s� of Stage III as seen when 
Table s 3 and 5 are c ompared . The differenc e s  req ut red in loading 
· were anticipated and were c aused by the action of the c ompacted 
bac kfill . The active earth pre ssure of the backfill c omplimented 
the induc ed load· in the early portion of the c ontraction cycle , thus 
reduc ing the re quired loading . In the rele.ase Ge gment o f  the cyc le , 
the pas sive earth pre s sure oppo sed the induc ed load ; there fore , a 
large r  load was required . It is also noted froM Table s J and 5 that 
there were difference s  in the required magnitudes of induced loads 
for the initi al and release segment s .  The se diffe rence s are caused 
by the relatively low active earth pressura ar.d corre spondj.ng 
hi ghe r pas sive earth pre s sure of · granular soils . Table 6 shows 
the pas sive pre ssure developed in the release segment of the 
c ontracti?n cycle . 
The obse rved rotati on o f  the inte gral abutment , the net 
longitudinal tran slation near the integral abutment , and the midspan 
hori zontal and vertical di splacement s for Stage IV are different when 
c ompared with those . of Stage III . See Table s 3 and 5. The noted 
differenc e s  can be explained by the backfill pressure , either 
active or passive , and it s subsequent magnitude . 
The stress levels determined on the girder within tho 
inte gral abutment are shoTm in Fi gure 28 . Because o f  the variables 
involved ,  ( 1 )  no �alysis of the stress is  attempted except tha.t 
the shear bars appaar to be functioningc · This c onclusion i s  based 
( 1 ) 
6 : 00 
7 : 00 
8 : 00 
9 : 00 
10 : 00 
1 1 : 00 
12 : 00 
13 : 00 · 
14 : 00 
15 : 00 
TABLE 5 "  
Time , Temperature , Applied Load , and Deflections 
Stage IV, Winte r  Cycle 
_ill_ ( 3 ) (4) ( 5 ) ill ill 
- 500 . - 501 - 481 - 24-0 0 0 
- 750 - 750 - 691 - 440 - 9 0 
-1000 -1002 - 912 - 540 -14 J 
-1000 -1007 - 91 7 - 510 -13  4 
- 750 - 745 - ?'37 - 180 + 4 5 
- 500 - .500 - 533 + 20 +14 14 
- 250 - 2 50 - 325 + 220 +25 1 5  
0 + 30 - 120 + 400 +35 1 9  
+ 250 + 200 + 90 + 630 1-47 21  
+ .500 + 46J + 240 + 800 +58 2J 
(8 ) (9� 
-16 . 3 58 . 0  
-26 .2  58 . 0 
-J0 . 8  58 . 0 
59. 0  59. 0  
+1 J . 8  60. 0  
+31 . 8  61 . 0 . 
+48 . 6  61 . 0  
+69 . 0  61 . 0  
+81 .0 62 . 0  
The foll�w:ng directi ons are taken as t tpo sitive 11 :  Expansion movements ,  
upward de flections , and forc e s  c ausing c ompre s sion in the girder 
c ri:;, s s- section . 
( 1 ) Time of recording. 
(2 ) Nominal longitudinal translation relative to the jacking abutment , 
in inche s x ( 10 )�J .  
( 3 )  Net 1011gi tudinal translation at the jac king abutment , · in inches 
,• x ( 10) -J .  
(4) Indicated longitudinal translation ne ar the inte gral abutment , in 
inche s x ( 10 )-3.  
(5)  Inte gral· abutment rotation , in radians x ( 10 )-6. 
(6) Mid- span vertical deflection , in inche s  x ( 10)-J� 
(7)  Mid-span lateral deflection , in inche s x { 10)-3. 
· (8 ) Applied force , a s  indicated by hydraulic pr.a s sure , in llps.· 
(9) Girde r  t��perature , in de gree s  Fahrenheit . 
( 1) 
- 500 
- 7.50 
-1000 
-1000 
- 750 
- 500 
- 250 
0 
+ 250 
+ 500 
TABIE 6 . 
Earth Pre s sure and Ve rtical React ion � 
Sta ge IV , Winter Cyc le 
(2) ( 3 )  (41_ (5) 
-
. 
-
+ 7 . 5  +6 . 0  +1 1 . 0 + 9 . 5 
+1 1 . 5 +6 . 5  +16 .2  +14. 5 
+15 . 0  +8 . 0  +20 . 0  +19 . 5 
+18 . 0  +9. 0  +22 . 0  +2) . 5  
53 
( 6 )  
+4. 85 
+5 . 70 
+5. )0 
+5. 05 
+2 . 92 
+o. 80 
... 
The following direc tions are taken as " po sitive " :  Expansion movements ,  
upward de flection s , and fo rc e s  c ausing c ompres sion in the gi rder 
c ro ss - section . 
( 1 )  Time of reco rding . 
(2 ) Nominal longitudinal t ranslat i on relative t o  the jacking abutment ,  
in inche s x ( 10) -3 . 
( 3 )  Net longitudinal translation at the j acking abutment ,  , in inche s 
x ( 10) -J . 
. 
( 4) Indicated longitudinal translation near the integral abutment , in 
inche s x ( 10) -J.  · 
( 5) Inte gral abutment rotation , in radians x ( 10)-6. 
( 6 )  Mid- span ve rtical deflection , in inche s x ( 10)-3 . 
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FIGURE 28 & Normal Stre s se s  on the Girder Web and Reinfo1� ing Plate , 
Within the Inte gral Abutmer.1t , in ks
i • Sta ge IV , Winter 
Cycle , -1" .  
.54 
55 
upon th� relation between the appli ed load and the observed tensile 
stre s se s  on and surroundin� the rei�forc ed plate ac commodat in g a 
* shear bar . The indic ated stre s s  o f  -0 . 5  ksi on the r e info rc ing 
plate is probably c aus e d  by a defective gauge or loc ali zed c ondition. 
The princ ipal girder st re sse s on the girde r web , presented 
as stre s s  c ont our s , are shown in Figure 29. Figure 29 agree s to s ome 
extent wit h Fi gure 26 , the corre sponding stre s s  c ont our of Stage III. 
The antic ipated similarity in result s is due to the physic al re sem­
blanc e of S tage s III and IV at 1 . 000 inch of contrac tion . At thi s  
movement , the only difference between the two stage s i s  the small 
and almo st ne gli gible active pre s sure of the backfill . Sli ght di f-
ferenc e s  are found such as the maximum stre s s  occurrin g in. Stage' IV 
being les s than that o f  Sta ge III . The se differen c e s  were a� c ounted 
for by the effect of the reduced load re quired in Stage DI and the 
e ffect of the backfill in detertt'l..ining the leve l  of stre s s . Anothe r 
factor involved in the compari son of ztages i s  the ti?TB laps� a.ud 
subse quent uncont rollable variations that occ ur .  
The stre s se s  occurring o n  the be aring pile are sh own in 
Figure 30 . It i s  felt that the 1 -inch strain gauge s located on the 
s outh flange of the piling and their re specti ve result s are the 
mos t realistic and reliable . The re sult s rec orded fo r the ro sette s  
on the north fla,nge o f  t he  piling an d  the 1 /4-i nc h strain gauge s  
loc ate d  on the edge of the south flange appeared t o  b e  i n  error . 
* The stre s se s  pre sent ed as minu$ are c ompre ssive in nature . All 
other s  pre sented are te nsi le stre s ses . 
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Neverthele s s , they are pre sented to provide c ontinuity of the 
re sults . The. ro sette s gave c ontinu�usly erratic strain · readings .  
The 1/4-inch gauge s were subjected t o  strains above the yield 
point and experienced plastic de formation. Thi s c ondition is  out_ 
side the operating limits for which the 1 /4-inch strain gauges were 
designed . The stres se s  determined from the 1-inch gauges indicate 
a maxi.mum value and , also , slight yielding in the piling flange near 
the bottom of the concrete integral abutment . If the stre s s  were 
projected to the extreme fibers of the flange , definite yielding 
would be indicated as expected from the de sign of the piling. 
Assuming elastic behavior of the stre ss below the concrete , a point 
of 0 . 0  stre s s  was determined . The point of O . O  stress , or approxi­
mate hinge , occurred near the three-foot level below the c oncrete . 
The graphs of the variations of piling stre ss vs induced 
movement for the 1 -inch gauge s are presented in Figures 31 and 32 . 
The two figure s are almost mirror image s of each other as expecte� 
because of the location of the gauge s .  The flat portion of each 
curve indicates the expected yielding of the piling flanges . A 
c omparison of Figure s  31 and 32 to the corresponding figure s of 
Stage III , Fi gure s 22 and 23, shows that the point of 0 . 0  stre s s is 
reached sooner in Stage III than Stage IV during the re�ease sagment 
of  the cycle . This re sult is  due to the re si stance offered by the 
backfill during this portion of Stage IV. 
The stre s s  levels observed on the c onc�ete integral 
abutment are shown in Fi gure 33. It should be noted that the stre s s 
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levels occ urring here · were c arried t� two dec imal plac e s  bec ause 
of their extremely low magnitudes .  The actual stre sses · occurring 
on the concrete c ould vary from tho se indicated because of the 
preci si on of the strain measuring equipment and acc uracy of the 
oi:e rator. · The se re sults are pre sented in such a manner in order 
to indicate the behavior and aJ.most insignificant stres se s  in the 
integral abutment c onc rete .  
The principal stre sse s  oc curring i n  th e  girder we b  at 
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+ 1 /2-inch release of the lt11.nter cycle are pre sented in Fi gure J4.  
It will b e  noted that a loc alized area of si gnificant stres s  con­
tours oc cur ne ar the inte gral abutment. . Thi s re sult was un�xpected 
and c annot be ju�tified because of the e ffects of the nearby stif­
fener s and c lose proximity of the int e gral ab.itment . However ,  a 
physic al interpretation can be offered as to what mi ght have trans­
pired at this point. As the bridge was cont racted simulatin g a 
temi:erature drop , the un1 .. rozen backfill filled in the void left by 
rotation and/or translation of the inte gral abutment . 
.
Thi s filling­
in effect i s  shown by the lines of failure in Figure 6.  As the 
induc ed c ontraction cycle was rele ased the bac kfill pre ssure 
switched from active to passive , thereby offering c onsiderable 
resistance during the release . As a re sult of the action o f  the 
bac kfill ' s pas sive pre ssure , the applied load , and the rotation of 
the integral abutment , an abrupt bend developed in the indic ated 
area . Thi s bec ame more pronounced as the re le ase c ontinued until 
the exi sting stre s se s  were pr oduced. From this i nterpretation the 
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observed stresse s  become. very · si gnif�cant . In addition to the 
indic ated- -30 ksi , the dead load (d�ck slab , railings , etc . ) ,  and 
any live loads would cause compre ssion in the upper of the girder 
web creating critical stress  and possible yielding. *  
2 .  Spring Cycle 
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Thi s cycle would corre spond to an early spring c ondition 
where an increase in temperature has caused expansion of the completed 
structure against the partially frozen subgrade and backfill. The 
resistance offered by the partially frozen soil to the induced move-
ments was extremely high as indicated by the required loads shown in 
Table 7.  The magnitude of load required and the capacity of th� 
hydraulic system limited the cycle to +o . 500 inch of movement . The 
loads required in this cycle at +0 . 500-inch movement are almost 
twice those observed at +o . 500 inch of release during the winter 
cyc le .  See Table s 5 and 7.  
A further comparison of Table s 5 and 7 at 1-0 . 500 inch of' 
movement shows that the rotation of the integral abutment i s  also 
considerably larger. This re sult can be explained by c onsidering the 
couple caused by the applied load and the resulting resistance of the 
frozen backfill and its effect upon the integral abutment . The 
increased rotation of the integral abutment also reduce s  the hori -
zontal de flection of the girder as shown by comparing the cited 
tables .  
* The only e ffect taken into account in cetermining the state o f  
stres s  in the various stage s wa s  that o f  the thermal movements .  
( 1 )  
9 : 30 
10 : 30 
TABLE 7 
Time , Temperature , Applied Load , and Deflections . 
QL 
+250 
+500 
Stage IV , Spring Cycle 
( 3 )  
+241 
+499 
(4)  
+145 
+377 
( 5 )  
+1 1 10 
+17� 
20 
10 
ill 
61 
26 
( 8 )  
126 
142 
The following directions are taken as "po sitive n :  Expansi on 
movement s , upward- de flections , and force s  c ausing c ompre s sion 
in the girder cross-section .  
( 1 )  Time of recording . 
( 9) 
59. 0  
58. 0  
( 2 )  Nominal longitudinal translation relative t o  the jacking abutment_, 
in inche s x ( 10 ) -3 . 
( 3 )  Net longitudinal translation at the jacking abutment , in inche s 
x ( 10)-3 . 
(4) Indicc..ted longitudinal translation near the inte gral abutment ,  
in inc he s  x ( 10 )-3 . 
( 5) Integral abutment rotation , in radians x ( 10 ) -6. 
· ( 6 )  Mid-span vertical defl�ction , in inche s x ( 10 )-3 . 
( 7 )  Mid-span lateral deflection , in inches x ( 10 )-3 . 
(8)  Applied force , a.s indicated by hydraulic pre ssure in. Kips. 
( 9 )  Girder temi:;erature , in degree s Fahrenheit . 
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The soil pre s sure acting on the inte gral abutment , shown 
in Table 8 ,  provide s in.formation COJ?-C e rn ing the action of the back­
fill . It is noted t. at the rec orded pre s sure s are relatively uni­
form re gardle s s  o f  depth. This re sult indi c ate s that the bac kfill 
i s  acting with uniform pres sure and not with the familiar triangular 
pre s sure di stribution usually a s soc iated with granular soils . 
The stre ss levels within the inte gral abutment are shown 
in Fi gure 35 for th is cycle . The st re s se s observed indicate proper 
functioning of the she ar bars . It i s  al so . noted that the stre s s  in 
the reinforc ing plate s was le s s  than the stre s s  on the surrounding 
girder web . Thi s re sult was expected bec ause of the increa sed area 
as soc iated with the reinforcing plate s .  
The princ ipal stre sse s oc c urrin g in the girder we b  are 
shown in Figure )6. The stre s ses shown indicate that the neutral 
axi s  or line of 0 . 0  stre s s  i s  relatively close to the flange . Thi s 
behavior was expected , as pointed out in th e. previous discus sion . , 
The ma.gni tuda of the observed · stre s s  i s  re°lati vely high c ompared to 
the previous stre s se s  presented in a similar manne r .  Thi s r e sult is 
brought about by the large magnitudes of loading re quired to s imulate 
expansion. 
Figure 37. 
The stre sse s occurring on the bearing pile a.re shown in 
The relatively low stre s s  magnitude s shown on the section . I 
doe s · not indicate yielding,  eve n -though the girder str..e s se s  are 
relatively high . Thi s  observation , combine d v."ith the substantial 
( 1 ) 
+250 
+500 
TABLE 8 
Earth Pressure and Vertical Reaction·. 
(2 ) 
+ 3 . 5 
+14. 0 
Stage IV , Spring Cycle 
( 3 ) 
+ 4. 5 
+14. 5 
(4 ) 
+ 2 . 5  
+1 1 -. 0 
_( 5 )  
+ 6 . 5 
+14. 0 
( 6) 
-1 . 63 
- . 185 
The following directions are taken as "positive �' :  Expansion 
movements ,  upw"'8.rd deflections , and forc e s  causing compre s sion 
in the girder cross-section. 
( 1 ) Time of recording 
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(2 ) Nominal longitudinal translation relative to the jacking abutment , 
in inche s x ( 10 ) -3 . 
( 3 )  Net longitudinal translation at the jacking abutment , in inches 
x ( 10) -3 . 
(4) Indicated longit11dinal translation near the integral abutment , in 
inches x ( 10 ) -3 . 
( 5 )  Integral abutment rotation , in radians x ( 10 ) -6 . 
( 6 )  Mid-span vertical deflection , in ino he3 x ( 10 ) -3. 
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rotation previ ously noted ,  indic ate s that the st re s s  patterns 
approximat e  a t rue hinge in the bearin g  pile . 
71 
The level of stre s s  observed on the surface o f  the inte gral 
abutment i s  shown in Fi gure 38 . As be fore , the low rec orded magnitude s 
were relatively insi gnific ant . However , the ob se rved sense of the 
st re s s , compre s sive or te nsile , i s  as expected . The sen se of the six 
indic ated stre s s e s  on the lowe r portio�- of the abutment -was antic i ­
pated becaus e of the appli ed load and acti on of the backfill . The 
indic ated stre s s  of -0 . 03 ksi was unexpec t ed and pro bably re sulted 
from a loc ali zed c ondition . 
3 .  Summer Cyc le 
Thi s cyc le would c orre spond to a sunnne:r conditi on whe re 
the ri sing t empe rature has caused expansion of the c ompleted st·ructure 
against the unfrozen subgrade and bac kfill � During the ea.rly portions 
of _ thi s c yc le , the re si stanc e o ffe red by the backfill was pas sive in 
nature and quite large . The re si stance offered by the bac kfill i s  
shown by c omparin g the re quired loading o f'  Stage T V  ( 'rable 9 )  t o  that 
of Stage III ( Table 4) . Table 10 also indi c ate s the ma gnitude and 
di stribution of the re si stance (pres sure ) offered by t he bac kfill . 
Further c ompari son of the re sults pre sent ed in Table s 4 
and 9 for the early portions of eac h  cycle give the follo'Wing . re sult s . 
_ The net longitudinal translation near the integral abutment i s · les s
 
i n  the s ummer cycle of Stage IV. Thi s re sult was primarily c aused by 
the resi stanc e o ffered by the bac kfill . The rotati on o
f t he int e gral 
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TABLE 9 .  
Time , Temperature , Applied Load and De flecti ons . 
Stage IV , Summer Cyc le 
( 1 � (2 ) ( 3 )  ( 4) ( 5 ) ill m · ( 8 )  ( 9l 
9 : 00 + 250 + 251 55 . 0  
10 : 00 + 500 ' + 500 + 327 + 400 29 8 +54. 2 59 . 0  
1 1 : 00 + 750 + 750 + 532 + 750 44 1 1  +73 . 7 59 . 0  
12 : 00 +1000 +1003 + 756 +1020 57 1 3  +97. 4  60 . 0  
13 : 00 +1000 +1008 + 768 +1020 52 12 61 . 0  
14 : 00 + 750 + 752 + 560 + 420 12 4 60 . 5  
15 : 00 + 500 + 504 + 344 + 280 4 4 60 . 0  
16 : 00 + 250 + 250 + 1 16  + 100 1 1 60 . 0 
1 7 : 00 0 3 - 20 + 40 - 4 2 60 . 0  
18 : 00 - 250 - 251 - 224 - 120 - 9 4 60 . 0  
19 : 00 - .500 - 502 - 448 - 270 - 15  5 60 . 0  
The following directi ons are taken as "po sitive " : Expansion movements ,  
upward de flections , and force s  c ausing c ompre s sion in the gi rder 
c ro ss - section. 
( 1 ) Time of recording. 
(2 ) Nominal longitudinal translation relative to the jacking abutb1ent •. 
in i nche s  x ( 1 0 ) �3 .  
( 3 )  Net longitudinal translati on at the jacking abutment , in inches 
. x ( 10 ) -J �  
(4) Indic ated longttudinal translation near the inte gral abutment , in 
inche s x ( 10 ) -3 .  
(5) Inte gral abutment rotation , i n  radians x (10)-6. · 
(6) Mid-span vertical deflection , i11 inc he s  x ( 1? )-3 .  
( 7 ) Mid-span lateral deflection , i n  inche s x { 10 )-3. 
(8 ) Applied force , as indicated by hydraulic pres sure , in Kips . 
(9)  Girder temperat·1.1re , in de gree s Fahrenheit . 
( 1 )  
+ 250 
+ 500 
+ 750 
+1000 
+1000 
+ 750 
+ 500 
+ 250 
0 
- 2.50 
500 
TABLE 10 
Earth Pre ssure and Vertical Reaction. 
Stage IV , Sunn er Cyo le 
(2 ) . ( 3 ) (4) ( 5)  
+ 7. 5 +4.·o +10 . 0  + 9 . 0  
+12 . 0 +4. 5  +15 . 8  +14. 0  
+16 . o +6 . 5 +2p . 5  +1 9. 0 
+14. o +5 . 5  +14. 5 +17. 0 
( 6 ) 
-O . J4 
-0 . 45 
-0 . 56 
-0 . 44 
.+-0 •. 1 3 
+1 . 78 
+4 . 1 5 
The following are taken as "po sit ive " :  Expansion movement s ,  
upward reactions , and pas sive earth pre ssure . 
( 1 ) Nominal longitudinal translat ion relative to the jacking 
abutroent , in inche s x ( 10 ) -3 . 
( 2 )  Net earth pre ssure on c ell #1 on inte gral abutment , in psi . 
( 3 )  Net earth pre s sure on c ell #2 on integral abutment ,  in psi . 
(4) Net earth pre s sure on c ell 13 on integral abutment·, in psi . 
( 5 ) Net earth pre s sure on c ell #4 on integral abutment , in psi . 
( 6) Vertical reaction at jacking abutment ,  in Kips . 
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abutment was greate r in the summer c yc le of Stage IV because of the 
c ouple caused by the applied loads ac ting on the inte graI abutment . 
A s  a re sult of the inc re ased rotation o f  the inte gral abutment , the 
vertical deflection near the midspan of the gi rde r was greater 
during the summer cycle of Stage IV. 
Compari son o f  the results obtained for the release po rtion 
of each te sting cycle ( Tabl e s  4 and 9 )  indicates mar1y similaritie s .  
The similaritie s obse rved re sult from the physical resemblanc e o f  the 
c yc le s  in que stion . If the active pres sure were eliminated , the two 
cyc le s  would be identic al . It i s  felt that the rate of release reduc ed 
the effect s of the active pre ssure to a point where the cycle s we re 
practically the same . 
The stre s s  levels within the inte gral abutment are pre sented 
in Fi gure 39.  They indicate proper func tioning of the shear bar as 
was observed in previous cyc le s  of te sting . The stre s s  indicated on 
the reinfo rc ing plate ( -1 . J  ksi ) i s  le ss than that obse rved on the · 
surrounding g�rder web . Thi s state of stre s s  is associated with the 
inc reased area of the reinforcing plate . The stre s s  of 1 . 8 ksi that 
i s  als o  indicated on the re inforcing plate i s  probably the re sult of 
a faulty gauge or switch in obtaining the strain reading. 
The princ ipal stre sses observed on the girder web are 
pre se nted in Figure 40 .  The st re s s  c ontours were as expec te d  in 
re gard to tho se obtained in Stage III expansion , Figura 27. The 
level of stre ss was hi ghe r in Stage IV than Stage III as a re sult 
76 
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of the increase in re quired loading and the bending o f  the section. 
The line of 0 . 0  stre s s  again occurs  at or ne ar the .upper portion or· 
the girde r web. 
The stre s se s occurring on the be aring pile are shown in 
Figure 41 . The stre sse s · observed are le s s  in thi s cycle than the 
previous cycle s  as a result o f  the inc reased rotation o f  the inte gra1 
abutment . It is felt that the hinge forming in this cycle approaches 
a true hinge . It s location , approximately three feet below the 
bottom of t he conc rete inte gral abutment , was determined in the 
same manner as loc ating the · approximate hinge in the winter cycle 
of Stage IV. 
The graphs of vari ations in piling stre s s vs induced 
movement are shown in Figure s 42 and 4J . As expected , these are 
mi rror image s .  The most signific ant result observed from the se 
graphs is  that no yielding of the flange s was indicated . However, 
i f  the stresses  observed are pro-jected to the edges of the piling • .  
as suming elastic behavior , sone yielding ;;ould be indicated .  Thi s 
amount of yielding was small compared to other cycle s  of testing. 
This re latively small amount of yielding is accounted for by the 
inc reased rotation or hinge action of the bearing pile. By com­
paring this cycle to the same cycle of Stage III � Figure s 2J and 
4J , the si.milarities of the two cycles are evident � as previously 
mentioned. 
The st re s s levels on the surface o f  the concrete integral. 
abutment are i llustrated in Figure 44. As observed in other cyo1es 
/O
H 
.rf I 11l 
I I I wfb 
10., r· 
Wfb 
- o -
1 
..___1 � 
2 1 .4 14 # J ut  � ID � 
(J 
� 
t_± _ _  i � l 
I .38 " .'3 
3'� , -
I I 
I i I 1- 42.0T 
0 -- - - -·  0 
I I 
�-� 
North race 
-3. 2 
9 . 3  
--� 
.S outh Face Southre1ce 
r 
r 
L eC'lend:-, 'l,, o /  rosette 
a age <I "  
+ I 209e 
D f4 po9e 
FIGURE 41 . Stre s s  Di stribution on the Pile . in ksi . Stage IV . Summe r Cycle , +1" . 
""" '° 
3 0 
1 5  -
+ 
:--i A l 1 4 1 1  
+ I j_ 
i f 1 2  . .  · +  t I / 
/'' 
/ 
-n 
I I 
"' 
< :./ 
.><: 
I I I I ,. 79. .� o - k  I I I 
J_1 2" / /
/' 
'/" + 
.. 
U) U) 
� � 
- 1 5 1 
� 3 0  
1/4 
" 
' 
' 
' ' 
/ 
' . 
/ 
' ' 
/ 
' .....__... / / ' 
/ 
' / /  
.....__ / _  ,.,, 
1/2 3/4 3/4 r1 2 1 /4 
Applied Moveme;nt , in inche s 
0 
FIGURE 42 . Piling Stre sse s vs Induced Movement s .  Stage IV , Sunnner Cycle . 
- 1 /4 - 1 /2 
CX> 0 
-, 
3 0 -
I 
1 5  -t 
-rt Cl) � 
.� 
.. 0 
Cl) 
(fl 
Q) $..t til 
- 1 5 
- 30 · 1 
-- _,,,,,,-
� 
' 
_._ 
• 
---->-
n T,� . . I 11·2 . .  � 
. T. 1 2
1 1 
+1 J_ 
I I I I 
' 
' 
' ' 
' 
' ' 
-i�-----�, ------.-,----....,.1-----,..1-------,.1-----�,-------r1-.----�1�----1r--- --,1 
l/4 1/2 3/4 I I 3 /4 1/2 1 /4 0 - 1 /4 - 1 1 2 · 
Applied Movement , in inche s 
FIGURE 43. Piling Stre sse s vs Induced Movements .  Stage IV , Summer Cycle . 
()) 
... 
.3 � 6 1' / .! !) "  ·� .....l� 1- . 
--- T 
1r 111 1!1 111 I I 
2. � 3 ,, 
I I  
I I -'-0.34 
c:;:: JL - - :.:I. ... - - -r -1 I 
fl Abu rAn enf' 
2 �0p 2!.o �' . 2 � 3 " - - 2 .!.3 '' ...:1 .:. o " - -1� �I 
..J2.0I �0.02 -t2.oo \ / 
T 1 
f 
/ ' .l.. " -rr-., I 1•4 � {:0. 0 1  l i l I z !. o" 1 1 _ I +0. 1 1  +0. 14 Jl 
. I er-=�., 2 �·0 '' 
I I 
s:10�·· 
I I 
I I 
I I 
V__ lrrain 9a11es : I I I I 1 + 1 }.. I J_ ' � 
Ill'"-"-
FIGURE 44. Stre s s  Levels on Exterior Face o f  Inte gral Abutmel!t , in ksi . Stage IV, Summer 
eye.le • +1 " .  
CX> l\) 
8J 
of te sting for Stage IV , these are relatively small in ��gnitude 
-
and practically insignific ant . The . s ense of the stre s ses indicated 
by the lower six gauge s was anticipated as a re sult of the applie d 
load and action of the backfill . The indicated stre s s of -0 . 0 1 ksi 
i s  probably caused by a loc alized c ondition or a faulty gauge . 
4.  Calculation of Stre s ses 
The intent of thi s portion o f  the study was to verify the 
stre s se s  observed in the bearing pile an:i . girder web at !1 . 000 inch 
of induced movement . In performing the nece s sary stres s  c alculations , 
two section s we re c on sidered co rre sponding with the loc ation of strain 
gauge s ,  E6 or n6 and L-I as sho�m in Figure s 13 and 1 5 , re spectively. 
The section c orre sponding to t he  gauge s E6 and D6 was c ho sen bec ause 
it was not contained within the concrete inte gral abutment and was 
below the section of maximum observed stre s s .  Th e  location c orre s-
ponding to L-I was c ho sen bec ause of it s positi on nea� the integral 
abutment and the subsequent reduction o f  the e ffects of lateral 
de flection. 
The propertie s of the c ompo site section were calculated 
by method s  of static s .  ( 10 )  One -half the width of t he slab was 
c on sidered as the e ffective flange width . The equivalent area of 
steel was calculated using eight as the modular ratio . The pro­
pertie s of the steel bearing pile were obtained from the Steel 
Construction Manual . {2 ) 
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In c alculating the stres ses  occurring at the indic ated 
locations ; several assumptions were used.  These dealt with :  (a)  tho 
action of the st�ucture , (b ) the lateral resistance of the subgrade 
when subjected to a horizontal load , and (c ) the frictional forces .  
The structure was supported by a roller at the jacking abutment and 
an assumed hinge in the bearing pile , as previously di scussed . 
These supports allowed the structure �o be .analyzed as a simply 
supported frame . The lateral resistance of the s ubgrade was 
. calculated by using the equation developed by Broms : ( 1 1 )  
P = 9 c D(L - 1 . 5  D) Eq . 9 
where 
P = latera.l resistance ,  in pounds 
c = cohesion of soil , in p si 
L = di stance from bottom of inte gral abutment to the 
location of the as sumed hinge , in inches 
D = · width of bearing pile , i n  inches 
The use of this equation re
_
quired several assumpt ions , including 
( a ) the subgrade was a cohesive soil and (b ) the bearing pile acted 
as a short pile . Any frictional forces  that may have exi sted weN 
assumed negligible and were not considered. Only the force s  created 
by th9 induced lead and resulting translation and_/or rotation 0£ . 
the integral abutment were considered in calculating the de sired 
stre ss . Thi s approach is valid bec ause the initial strain readings 
included the strain of all loads except those re sulting £rom the 
application of the required loading • 
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For the -1 . 000 movement of the winter c yc le , the ob served 
and calculated load s were applied to the simply supporte� frame . 
The loads applied included the induc ed load of J0 . 8  Kips as pre sented 
in Table 5 ,  the uplift re action pre sented in Table 6 ,  and the lat e ral 
earth pre s s ure calc ulat ed from Equat ion 9 using 0 . 677 ksi for c .  
The value of C was det e rmined i n  the laborat ory by find ing t he 
unc onfined c ompre s sive strength of the subgrade by standard method s . 
The ac t ive pre s sure of the bac kfill was taken t o  be zero a s  . t 
previously di scus sed for the winter c yc le . Moment s .we re the n  s umme d  
about t he as sumed hinge to check the forc e s  acting o n  the frame . If 
the moment s did not sum up to zero ( summat ion of mome nt s about a 
hinge equal s zero ) , the upli � reacti on wa s c orrected to c re ate z e ro 
moment . It was felt that t he upli� react ion at the jac king abutment 
was the mo st likely forc e to be in error . 
After a det ermination o f  the nagnitude s of the various 
forc e s ,  they we re  applie d.  to the fra."'!le . The stre s se s  were t hen 
c alculated t aking . free body di agrams at t he appropriate section on 
the beari ng pile and girder .  For t he be ari ng pile , a sec tion was 
taken corre sponding to E6 and D6 and the flexural stre s s  c alc ulat ed 
from e quat ion 4.  It was a.s sumed that any change in the reaction at 
the int e gral abutme nt was initially taken by the bearing c apac ity of 
the soil . Thi s assumption would make the stre s s  caused by the axial 
load or reaction in the bearing pile e qual to zero . The average 
experimental stre s s  of ! 26 . 4  ksi shown in Fi gure 31 devi ated 
ei ght pe rc ent from the calculated stre s s  of f 28 . 6 . The c lo s e  
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agreement indi c ates that the strain gauge s we re funct ioning prope rly 
and more si gnificantly that the bearing pile was actin g  as de signed. 
In calc ulating the princ ipal stress of L-I in the girder 
web ,  the following equation was used : (8 )  
whe re 
O"' pi 
= 
<rx + "'Y 
2 
0-pi = principal stress , in psi 
0-x ' tr
y 
= stre ss in the x and y di rection , in p si 
�.xy = sheari ng stre s s ,  in psi 
""x was determined by methods of mechanic s of ?Taterials . (8) 
Eq . 1 0  
tr' y was taken as ze ro . -C-xy wa s  obtained by dividing the s hearing 
forc e , calculated by methods of mechanic s of materials , by the area 
of the girder web . The experime ntal stre s s  of 0 .  7 ksi deViated 
60 perc ent from the c al.c ulated stres s  of 1 . 6 ksi . The c al.c ulated 
deviation of 50 percent is withi n  reasonable limits . This c on-
clusion i s  a re sult of the many variable s and assumptions made in 
ca.lc ulating the stre ss .  It is pos sible for the printed strain 
readings to be ten micro-inche s  per inch in e rror ;  the re fo re , the 
deviation c ould be reduc ed to 35 percent . 
The stre ss oc curring at the selected locati ons for the 
+1 . 000-inch movement during the summer cycle were C"alculated in the 
same manner as the stre sse s for the - 1 . 000-inch movem
ent during the 
winter cyc le .  The only difference was the additio
nal force acting 
on the structure as a result of the backfill passive pre
ssure .  The 
passive pressure was determined experimentally and analytically. 
The experimental values are shown in Table 10 as pre ssure acting 
on the integral abutment . The calculated passive pressure -was 
determined by the following equa�ion : ( 12 )  
where 
Pp = passive pre ssure , in psf �-
l = density of backfill in pounds per cubic foot (pcf) 
� = tan2 (45 + p /2 ) 
h = depth of backfill , in feet 
The density was determined by field density tests to be 1 19 .Pcf.  
87 
The angle of internal friction · ( (J ) was determined in the laboratory 
to be 41 2 degrees .  The average experimental pressure o f  18 . 8  psi 
at 15 inches above the base of the inte gral abutment deviated 2 
percent from the calculated pre ssure of 1 9 . 2  psi . The c alculated 
pas sive pre ssure multiplied by the area of the integral abutment 
yielded the force acting on the structuxe because of passive resis-
tance of the backfill. The c alculation of the stre s se s  was then  
continued as previously discus sed . The average experimental piling 
stress  of ± 21 . J  ksi deviated 0 . 5  percent from the calculated stress  
of  21 . 4  ksi . Again , the close agreement indicates that the steel 
bearing pile was functioning as designed. 
The experimental principal stress  on the girder web 
of 3 . 7 ksi deviated 3 percent from the calculated value of J . 6 ksi . 
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Thi s close agreement was not antic ipated and probably resulted fro111 
the variable s involved and their effect s  on each othe r .  ' 
It should bo n oted that although the st re s s  c ontours on 
the gi rder web a�e relatively parallel ,  their di stanc e  from the 
neutral axi s varies . This vari at ion in di stanc e i s  due t o  the 
eXtremely large number of variables involved such as the twi sting 
of the entire st ructure , frictional re sistanc e , void s in the c on­
c rete , re si dual stre s ses of welding ,.  and increased o r  dec rea s ed 
moment about the y a.xi s  resultin g  from late ral de flection s . 
CHAPrER IV 
SUMMARY AND RESULTS 
A .  Summary of Re sult s 
The following re sult s have be en formulat ed from the 
observed and calc ulated re sult s  o f  thi s study : 
1 .  The shear bars within the int e gral
.
abutment were functioning 
prope rly in all stage s of te sting . 
2 .  The rec orded girder st re s se s  of Stage III and the Spri n g  and 
Summer Cycle s of Stage IV are within allowable working stres se s .  
( 3 )  The stre s se s  occurring in t he gi rde r web are very d�fficult 
t o  c alc ulate because of t he large numbers involved . 
J .  The girder stre s se s  �ec orded during the release o f  the winter 
cycle for Stage IV indic ate an area of high c onc entrated stre s s  
and po s sible yielding near the inte gral abutment . 
4.  Although yielding of t he extreme fibers of the bearing pile was 
noted in Stage s III and rv , · the rec orded strain . doe s  not indic ate 
any structural fai lure . Based upon the result s  o f  thi s study, 
the stre s se s  oc c urring on the bearing pile can be calc ulated · 
within ten pe rcent o f  the experimental stre sses . 
5 .  The stre s se s  oc c urring on t he conc rete inte gral abutm�nt are 
insi gni ficant and are within the allowable working str es se s . (3)  
6. The re sult s o f  the expansion cycle s  were ge nerally more s eve re 
than those of the c ontraction cycle s .  
B .  Conc lusions 
For the final stage s  of c onstruction , the only forc e s  
affecting the structure are tho se re sulting from simulated late ral 
thermal movement s .  The e ffects of all vertical forc e s  are excluded .  
The following c onclusions , based o n  the re sult s o f  thi s  study , have 
be en formulated : 
1 .  A:rter the deck s lab and backfill are placed , but prior t o  any 
further c onstruction , the inte gral abutment de sign for short 
steel bridge s used by the South Dakota De partment of Highways 
i s  sati sfactory provided the following c onditions are met : 
a. The lateral deflec tion due to a temperature change does 
not exc eed one inch . 
b .  The soil strata i s  similar to the one at the te st site . ( 1 ) 
c .  The girder web near the inte gral abutment i s  reinforc ed . 
d .  Ideal c onditions leading to the lateral and longitudinal 
symmetric al behavior of the structure are assured . 
e .  Fati gue effect s  are as sumed to be trivial and _, therefore , 
have little e ffect on the structure . 
2 . If all c onditions are not met , the de sign would still be 
sati sfactory provided that the lateral de flection was limited 
to le s s  than or equal to three-fifths of an inc h .  
C.  Rec ommende d Areas of Future Studz 
In order to arrive at valid and useful c onclusions which
 
nould aid bridge de signers , the following areas of futur
e study are 
recommended :  
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1 .  A piling study t o  determine its behavior and distribution of 
stre ss - over it s entire length as .a re sult of lateral loads . 
2 .  A fatigue study on the piling. 
). A study to determine the most suitable type of reinforcement 
for the girder web near the integral abutment . 
4. A study of the structure subjected to unsynnnetrical lateral 
thermaJ. movement s  or twisting . 
5 . A study of the structure subjected to a c ombination of loads , 
namely live loads and loads re sulting from thermal movements . 
6 .  A study to determine the most suitable type of approach slab 
to be used in c onjunction with thi s type of bridge . 
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APPENDIX A 
PILING AND GIRDER STRESSES 
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FIGURE 4b. Principal Stress Contours , in ksL Stage IV , Summer Cycle , +1 11 • 
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FIGURE 4d. Principal Stre ss Contours , in ksi . Stage. rJ ,  Summer Cyc le , 0" . 
.­
.­
l\) 
I '{ 
I L \ I i 
I I 
ii 
t i 
' 
• • :1 ' II - ,  I 
. . � . . I \ '�11-' , 
1 .0 I o.�' 1r ...:.. . ,. 11 . '·\ 
' 11 \ ,1 
. - 1 . 0 . i' 
II ' . � ' � . ....... - 2.0 _,_ /  !1 
h 
I' 11 . 
11 
1 1 
• 
11 
11 
1' 
I \l . � ' I ,I . . r· - -. , ., . 
\ 
\ 
\ ,1 
\ ·I '1 \ • 1 , 
� \ 
d _ Lt 1 · _1 · \ I F�-·�� o:t�-L I t. --l-_ 1 -·/ y 
l I /:r--, 
' I ,1 11 - 2 .0, 
I /. 1 . !l . '\ 
\ 
11· 
L lnf�ral Abu?'menf limits 
11 11 ·1 I . 11 '--"" ti _J 11- l'� 
11 11 11 
• • 
11 j � 
Sfif"leners 
· - Strain t3ou9es 
FIGURE 4e .  Principal stre ss  Contours , in ksi . Stage IV , Summer Cycle , -1 /2n .  
� 
I 
.­
}-4 
\....) 
